INTRODUCTION
============

Our understanding of how living systems work at a molecular level has grown enormously during the past 50 years. Major influences include the "omic" (metabolomic, proteomic, and genomic) and biotechnological breakthroughs as well as the application of a wide array of information and methodologies from diverse scientific disciplines. This science is often referred to as "molecular life science."

The rapid progress and potential applications of molecular life science have profound implications, not only on our scientific understanding, but also on our future health and prosperity. Our daily lives have already been affected by the development of new drugs, medical diagnostics, and treatments, and the impact of molecular life science will continue to expand in the future. In addition, the ethical issues raised by its applications, for example, in food production, genetic profiling, and forensic techniques, are complex and of increasing importance. Ethical implications ([@B46]), taken together with the complex nature of the content, pose distinct challenges for education that have to be met by new strategies and fundamental reappraisals of our practices at all levels of life science education.

The rapid growth and the inter- and multidisciplinarity of molecular life science place demand on the selection of content. In fact, there is a large gap between what is known by practicing molecular life scientists and what is taught about the domain in secondary schools and universities ([@B29]). Furthermore, many difficulties associated with teaching and understanding molecular life science are connected to the abstract nature of concepts, which, in turn, are part of complex systems at several levels of organization (see below). Reasoning difficulties and alternative conceptions are major challenges for learners and teachers. In some cases, these difficulties are connected to the communicative tools of the domain. Both the domain-specific language and visualizations, aimed to facilitate communication, can constitute obstacles or introduce misinterpretations. Thus, research is required to provide further knowledge about factors that hinder or promote effective teaching and learning and to facilitate the development of effective new tools and strategies.

We claim that the challenges teachers and students face in the domain of molecular life science are multidimensional and unique. Here, we highlight several points to consider in molecular life science education, illustrated with examples, and suggest foci for future education research and teaching in the domain. The following aspects are discussed: 1) selection of molecular life science content, 2) conceptual understanding and reasoning difficulties, 3) domain specific--language, and 4) role and use of visualizations.

CHALLENGES CONNECTED TO THE SELECTION OF CONTENT
================================================

Molecular life science generates vast amounts of information rapidly. In addition, information technology has revolutionized our ability to acquire and use information from diverse sources such as databases of sequenced genomes, genes, proteins, protein structures, and expression profiles. Teachers cannot easily keep abreast of all the new information nor select appropriate aspects to disseminate, whereas learners---who lack training---cannot be expected to understand the information sufficiently to appraise it nor select aspects to learn. There is a need to identify and agree upon core content and to select key concepts (see below). An important aspect to consider is what constitutes a meaningful school education for students aiming to study science at the tertiary level, and also for students who will not further their formal education in science except school science (of which the latter group is in an overwhelming majority; [@B89]).

Molecular life science research is becoming increasingly interdisciplinary (integrating knowledge and methods from various fields), and multi- or crossdisciplinary (problem solving often involves teams including participants with widely varying competences), resulting in a steady erosion of traditional borders among chemistry, biology, physics, medicine, mathematics, and computer science ([@B30]). However, in schools in most countries, the domain is not treated in an integrated and problem-oriented manner, and different parts of molecular life science are taught separately. Some molecular life science content is taught in biology, some in chemistry, and some in natural or environmental science courses. According to [@B10], very little has changed in life science courses since 1992, when the American Society for Biochemistry and Molecular Biology (ASBMB) developed an undergraduate curriculum in biochemistry and molecular biology ([@B1]). Teachers and students need knowledge *in* science and *about* science, i.e., to understand the way science works, how inquiries are pursued, and how knowledge is produced ([@B53]).

The relationships among science, school science, and science in media and society are subject to ongoing reconsideration and revision. [@B15] proposed that an understanding of three aspects should be considered: 1) core concepts, processes, and principles; 2) the scientific approach to enquiry; and 3) the interplay between science and society. The latter also includes the integration of ethical considerations into molecular life science teaching. In fact, [@B72] proposes that the main argument for the importance of science knowledge is cultural. However, knowledge *in* science is a prerequisite for reasoning meaningfully ([@B18]). All of these aspects are highly relevant to molecular life science, and education systems (primary, secondary, and tertiary) must be prepared to play a role in promoting and instilling this understanding of the subject and its implications.

Different stakeholders are taking steps to bridge the gap between the practice and teaching of molecular life science. Attempts to compile concept inventories for school and undergraduate life science education have been made. Scientific societies are trying to address the "content coverage" issue ([@B82]; [@B2]; [@B1]). Furthermore, [@B74] recently designed a concept assessment tool to assess central concepts in genetics and diagnose misconceptions or preconceptions. The inventories above, and other studies ([@B91]; [@B10]; [@B23]), stress the interdisciplinarity of the subject and the importance of combining elements of chemistry and biology with content from other subjects such as mathematics and physics. Others ([@B12]; [@B56]; [@B75]; [@B85]) have all recommended an interdisciplinary approach to life science teaching that aims to develop students\' critical reading skills and understanding of functions rather than facts. Recently, the International Union of Biochemistry and Molecular Biology (IUBMB) initiated an international project to scrutinize the core concepts in biochemistry and students\' difficulties in learning biochemical concepts to create a biochemistry concept inventory ([@B29]).

Conclusions and Implications for Educational Research and Teaching
------------------------------------------------------------------

A closer association between research developments and public understanding is required to avoid continual weakening of the connection between science education and science proper. The international attempts to agree on central concepts and principles are helping to create general guidelines for constructing curricula. One conclusion emerging from these inventories is that key concepts and central principles need to be identified during teaching rather than a plethora of details and that strategies to identify relationships and patterns have to be supported.

Furthermore, we suggest that the molecular life science community, in addition to identifying the concepts, needs to specify both the level of *detail* and *depth* of the concepts and processes that we intend our students to understand. For example, learning about photosynthesis might mean understanding that light is used to convert carbon dioxide into carbohydrates. At another level, it means a detailed understanding of how light is absorbed and excites chlorophyll, the consequent electron flow through photosystems II and I in the thylakoid membrane, the proton gradient thus generated, its involvement in the production of ATP and NADPH, and ultimately the fixation of carbon dioxide in the Calvin cycle in reaction sequences involving ATP and NADPH.

Another observation is that students\' understanding of what constitutes the core content has received very little attention. The inventories generally take what scientists and teachers consider to be the core content as their starting points. It would be interesting to identify and explain possible discrepancies between the teachers\' view and the students\' understanding of what constitutes core content.

CHALLENGES CONNECTED TO REASONING DIFFICULTIES
==============================================

An emerging viewpoint of cognition and learning suggests that the human body plays a central role in shaping the mind ([@B87]). If so, the inability to directly experience the molecular world may explain many of the documented learning difficulties in molecular sciences. Students\' conceptual and reasoning difficulties have been extensively reported in the science education research literature. Much of the published research on conceptual and reasoning difficulties in science are compiled in the Students\' and Teachers\' Conceptions Science Education ([@B17]; [www.ipn.uni.-kiel.de/aktuell/stcse/stcse.html](http://www.ipn.uni.-kiel.de/aktuell/stcse/stcse.html)) and in the Conceptual and Reasoning Difficulties ([www.card.unp.ac.za](http://www.card.unp.ac.za)) databases. However, findings regarding challenges to learning molecular life science are relatively limited ([@B71]). Difficulties have been reported regarding various aspects of genetics, cell structure and function, compartmentalization; macromolecular structure; cell metabolism (e.g., photosynthesis, respiration, coupled reactions, and inhibition of biochemical pathways); and signaling, as well as issues related to size and scale, biophysical concepts, and dynamic aspects such as diffusion and equilibrium. Each of these is described in more detail below.

Difficulties in Connection to Genetics
--------------------------------------

The most intensively studied field of molecular life science in educational research is student difficulties related to understanding genetics ([@B3]; [@B4]; [@B36]; [@B60]). For example, common difficulties and alternative conceptions were identified in connection with germ cells and somatic cells, and the fact that different cell types in the human body contain identical genetic information ([@B4]; [@B42]; [@B43]). Young children often believe that genes have a completely different function and even physical location compared with DNA; that plants are nonliving and do not reproduce sexually ([@B4]); and that inanimate objects, such as computers and fictional cartoon characters, have DNA ([@B81]). Several (mis)conceptions about transcription and translation have been identified as well, for example, that amino acids are produced by translation ([@B20]). Other difficulties are associated with DNA-strand nomenclature and function ([@B27]) and problems that students have connecting the structure and function of DNA and genes ([@B47]). The use of the gene concept in education has been studied by [@B51], who concluded that there are two basic metaphorical models of the gene concept among students. In the first model, a gene is essentially seen as a particle with certain effects related to it, whereas in the second model, it is seen as a sequence of instructions. Interestingly, [@B24] compared historical models and students\' ideas about genetics and found extensive parallels between students\' alternative understanding of genetics and the frameworks of different historical models.

Difficulties Connected to Size and Cell Structure and Function
--------------------------------------------------------------

Various investigations of what students of different ages know about the structure and functioning of cells suggest that most learners find these topics difficult to conceptualize ([@B49]; [@B14]; [@B83]; [@B77]; [@B21]). The establishment of relationships between cell structures and their functions is especially challenging for students who are not able to integrate them into the overall picture of the cell ([@B21]). One problem seems to be that the functional similarities between systems within the cell and body organs are often exaggerated. For example, nutrition within the cell is compared with the digestive system of the whole organism. Thus, students fail to connect biochemical processes with the functioning of the cell ([@B21]). Students also have difficulty conceptualizing the relative and absolute sizes of cells that, in turn, results in confusion between cells, atoms, and molecules and has been shown to interfere with students\' development of a robust understanding of biological processes, such as diffusion ([@B83]).

Difficulties Related to Cell Metabolism
---------------------------------------

Students\' misunderstanding of concepts associated with photosynthesis have been identified ([@B88], [@B44]; [@B59]; [@B50]). Examples of the misunderstandings include plants acquire all their nutrients from the soil, plants only absorb green light, and photosynthesis only occurs during the night ([@B57]). Students also struggle to understand respiration ([@B8]), glycolysis ([@B58]), and coupling of reactions and inhibition of biochemical pathways ([@B70]). Other reported examples are related to the structural and dynamic aspects of biomolecules, biophysical concepts, compartmentalization, and signaling ([@B66]; [@B78]; [@B6]). Interestingly, very little research has explored students\' understanding of the relationships between protein structure and function, which are fundamental to modern molecular life science.

Difficulties Connected to Different Levels of Organization
----------------------------------------------------------

[@B3] have shown that a primary challenge of molecular life science learning is that the scientific content deals with phenomena at multiple levels of organization simultaneously. Perceivable phenomena (macro) are explained by molecular events that cannot be seen or touched (submicro) and that are communicated using symbolic representations. For example, to connect "gene" and "trait" with respect to eye color, students must connect visible traits with pigment molecules as well as the proteins involved in their synthesis and localization. These concepts must also be connected with symbolic ideas, such as capital "B," indicating a dominant allele and small "b," indicating a recessive allele ([@B34]; [@B3]). Similarly, macro-level disease states can be explained as malfunctions of submicro-level genes or proteins that are represented by letter symbols that indicate changes in nucleotides or amino acids. With respect to photosynthesis, the growth of a tree is connected to the absorption of light quanta. Thus, a learner must understand how the excitation of electrons in organic molecules within the inner membrane of the chloroplast drives the osmotic pumping of protons and energy capture in chemical bonds, as well as how these processes are coupled to synthesis of cell components, cell division, cellulose production, and hence growth and development of all of the tree\'s tissues and organs.

Difficulties with Interacting Complex Systems
---------------------------------------------

A large proportion of life science concepts relate to clusters of processes, which in turn relate to complex webs of biophysical, biochemical, and ecological phenomena. These concepts and processes have been referred to as *emergent* ([@B73]) or *complex* ([@B32]). To understand emergent concepts, learners must be able to sift through complex information spaces, discriminate between important and unimportant information, and recognize critical patterns and relationships. They may need to translate across different frames of reference, consider the dynamics of models over time, and reason qualitatively about physical processes ([@B84]). They must be able to synthesize this information to build generic and "runnable mental models" ([@B40]; [@B64]), which need to incorporate invisible factors and abstractions.

[@B32] has compared qualitative differences between experts\' (scientists) and novices\' (nonscience majors) descriptions of complex phenomena such as weather systems. He concluded that experts use ideas associated with complex systems theory, such as emergence, self-organization, and multiple agents, much more frequently than the novices. He argues that students\' difficulties with particular biological concepts, such as evolution by natural selection, might stem from their inability to reason about complex systems. Further research is needed to characterize the nature of these difficulties.

Conclusions and Implications for Educational Research and Teaching
------------------------------------------------------------------

Students\' understanding of concepts and reasoning difficulties have become major foci of research in science education. However, the difficulties in the field of molecular life science seem to differ somewhat in nature from conceptualization difficulties in other domains, such as chemistry and physics. For example, fragmentation of knowledge and difficulties in connecting and using knowledge may be more significant than alternative conceptions ([@B5]). We propose that research regarding students\' conceptual understanding in molecular life science necessitates a different approach and focus. In accordance with [@B32], it is important to investigate how learners understand emerging scientific knowledge and the ideas related to complexity and complex systems of modern science. The choices of appropriate communicative tools, such as language and visualizations, could prove to be critical for the transformation of molecular life science knowledge into teaching.

CHALLENGES CONNECTED TO THE DOMAIN-SPECIFIC LANGUAGE
====================================================

The role of language in learning science has received increasing attention ([@B41]; [@B76]). According to Lemke, learning science is learning to participate in communicative practice of the science culture. The language of molecular life science is characterized by vivid use of metaphors, similes, anthropomorphisms, teleological expressions, scientific slang, abbreviations, acronyms, and mathematical relations, which are described in detail below.

Metaphors and Intentional Reasoning
-----------------------------------

Scientifically defined concepts that coincide with everyday language are a well-known source of difficulty in science education. In molecular life science, this difficulty may be less pronounced because there are no everyday meaning terms such as lipid, nucleotide, gene expression, and self-assembly. This lack of everyday referents can be advantageous, because there is little or no risk of misconceptions arising from everyday meanings. In contrast, the absence of "real-life" metaphors can make it difficult for people to envision abstract phenomena ([@B65]; [@B22]). [@B39] propose that metaphors are an essential part of any domain, and spatial metaphors in particular are thought to enhance the meaningfulness of data and provide qualitative insight ([@B19]).

Metaphors and analogies are commonly used in molecular life science to facilitate "visualization" of relevant concepts and processes. For example, mitochondria are described as *power plants*. Another strategy is to describe processes in terms of human characteristics (anthropomorphisms) or intentional (teleological) behavior, such as explaining the action of antibodies as *attacking* an *invader*. This strategy can cause problems for learners. Students often hold anthropomorphic views of cellular processes ([@B77]), such as the cell *knowing* what to take in and what to discard ([@B14]). In addition, expressions such as " ... the signal peptide directs the protein to its target compartment ..." are frequently used in teaching to describe the process whereby a translated polypeptide arrives at its appropriate location in the cell. However, the seemingly intention-laden term "directs" is used to describe the diffusion-controlled process of recognition between stochastically colliding molecules. Although teleological expressions and analogical reasoning may be important tools in the process of communicating and sense making ([@B35]), they may also be sources of misconception.

The Jargon of Molecular Life Science
------------------------------------

Another characteristic of the language of molecular life science is the use of abbreviations and acronyms, which is pervasive in molecular life science. Molecular life sciences deal with phenomena that involve long, complex names, which are abbreviated for succinctness (e.g., Asn for asparagine, IgG for immunoglobulin, and SDS-PAGE for SDS-polyacrylamide gel electrophoresis). Proteins and genes are often identified, characterized, and named long before their functions are known. Their names are often based on their analytical properties rather than functions. For example, *p53* (protein 53) refers to a protein with an apparent molecular mass of 53 kDa according to SDS-PAGE analysis, which was subsequently found to be a tumor suppressor and is now also known as tumor protein 53. Similarly, cytochrome P450 (P450) proteins were named according to their peak absorbance of visible light (at 450 nm). They were then subsequently found to contain cytochrome *b*~5~ and play primary roles in the biotransformation of various drugs and other xenobiotics. Hence, they are now sometimes called CYP, or CYP450 proteins. Although acronyms and jargon may facilitate communication among professionals in the field, it can create problems for learners.

Concepts Changing Meaning
-------------------------

Changes in meaning or multiple meanings of concepts are also obstacles for students\' learning. Molecular life science continues to develop rapidly, and fundamental concepts change meaning or become more elaborate as new knowledge is generated. The ways in which a "gene" is defined are a prime example. When Wilhelm Johannsen coined the gene concept in 1909, he argued that it was free of any hypotheses about the physical and chemical nature of genes. Genes were seen as hypothetical inducers of characters and the gene concept was thus purely theoretical. A few years later, T. H. Morgan and colleagues gave the gene concept a material basis, based on positions in chromosomes. The classical gene concept emerged as an indivisible unit of transmission, recombination, mutation, and function. During the 1940s, the so-called neoclassical gene concept was introduced in which the gene (or cistron, the unit of genetic function) was seen as an entity divided into subunits, the so-called mutons (units of mutation) and recons (units of recombination). During the 1960s, the cistron was defined as the entity that produced a protein. Subsequently, we have found introns, overlapping genes, jumping genes, and repeated genes, thereby making it difficult, if not impossible, to establish a firm, comprehensive, and enduring definition ([@B63]). Recent findings in epigenetics also challenge the gene concept. Nevertheless, the gene concept has explanatory value in research and education, but its meaning is strongly dependent on context.

Conclusions and Implications for Educational Research and Teaching
------------------------------------------------------------------

Whether learners grasp the precise meaning that experts intend to convey when using a metaphorical or anthropomorphic expression can be difficult to determine. The relationship between the intended meaning and the language used is not always straightforward, and students\' use of correct scientific terms does not necessarily parallel their depth of understanding. [@B67] found that students can still express a scientific understanding of the translation process without actually using scientific terminology. Similarly, a study by [@B7] indicated that better learning occurred when students received an instructional sequence that was first presented in everyday language followed by traditional terminology to explain scientific content (in comparison with when the instructional sequence was reversed). We must ask ourselves whether we are assessing students\' depth of understanding or their abilities to retrieve domain-specific terms, or both. The relationship between learning and the usage of a domain-specific language warrants further investigation. Another area that requires further research is how students\' conceptions are influenced by the use of intentional expressions to explain random and stochastic processes.

Concepts with multiple meaning or that historically have changed their meaning should be treated with caution. Examples of these concepts can be used in teaching to draw attention to misconceptions, ambiguous meanings, and to explain ideas. For example, [@B24] have shown that genetics teaching that explicitly shows how different models of gene function have been used historically, can clarify the gene concept for students.

CHALLENGES CONNECTED TO VISUALIZATION
=====================================

Visualizations and Molecular Life Science
-----------------------------------------

Visualizations play critical roles as conceptual tools in teaching and research, thereby transforming the way we think about molecular life science phenomena. Progress in molecular life science is connected to our ability to model abstract and complex content, and visualizations are used as sources of information and instruments of analysis, modeling, and communication ([@B38]). Molecular life science researchers communicate and understand their science by using visualizations, and their success is connected to their ability to model the molecular world using abstract symbolic systems.

The importance of visualizations is evident in the molecular life science research literature. Textbooks are rich in illustrations and often include graphic supplements in the form of websites and educational software. For example, visualizations occupy 30--50% of the page space in standard biochemistry and molecular genetics textbooks (Tibell and Rundgren, unpublished data). These visualizations include chemical formulae and mechanisms, instrumental outputs, schemata, diagrams, illustrations, and photographs, as well as interactive models and animations provided as supplemental material.

[@B46] predicted that molecular life science would increasingly adopt mathematical approaches to describe complex biological systems and make predictions regarding system-level phenomena. This is happening in several molecular life science subfields, for example, bioinformatics. Mathematical modeling increases the potential for using computers to describe complex molecular interactions numerically. These can, in turn, be used to generate simulations and create real-time animations and dynamic representations of molecular events, which can then be used to assess and understand fundamental concepts, systems, or processes and to test hypotheses and make predictions ([@B25]). Computer-generated visualizations are also increasingly used in molecular life science education to promote more effective learning of visually and spatially complex topics.

Recent advances in virtual reality present opportunities for students to be immersed in complex, dynamic, and three-dimensional structures and relationships via sensory aids such as haptics ([@B6]; [@B54], [@B55]). Virtual environments introduce new modalities to learning and thus enable students to directly experience a phenomenon that then becomes more concrete and tangible. This may facilitate both teaching and scientific research by, for example, integrating more knowledge without causing cognitive overload.

The interpretation of visualizations is not unproblematic and depends on prior knowledge in the domain as well as familiarity with visualization, complexity of the visualization, and symbolism used in the visualization. [@B37] found that experienced chemists move freely between different representations of a phenomenon, whereas students\' interpretations are constrained by superficial features in the representations. Furthermore, [@B71] demonstrated that several conceptual difficulties may be linked to the way the content is represented and the manner in which the symbolism is used. Students often see visualizations as realistic reproductions of the phenomena they depict ([@B28]). For example, students sometimes interpret diagrams as realistic depictions of the illustrated events, rather than as schematic representations. For example, [@B16] traced students\' difficulties in interpreting visualizations to misleading use of arrow symbolism in textbooks. [@B31] demonstrated that the arrows between the metabolites in glycolysis were interpreted as a stream with a specific direction in the cytosolic solution rather than as a schematic representation of the order of reactions. Simple diagrams are often recommended. However, several studies indicate that the use of less stylized, less schematic, and more realistic images could be beneficial because the students take the stylized images as a realistic depiction of their structures ([@B52]).

There has been a long-standing debate in multimedia research on the educational value of animations. Several authors stress that animations can cause cognitive overload for learners ([@B80]; [@B45]) or give rise to new and resistant misconceptions ([@B79]). Other studies indicate that animations are superior for visualizing spatial aspects and dynamic processes ([@B86]; [@B61]; [@B48]; [@B68]). Furthermore, [@B90] have shown that computer models can be beneficial in helping students to visualize how to transform a two-dimensional model into a three-dimensional (3-D) model. [@B69] found that students who struggled to understand concepts in protein structure and peptide bonding found multisensory cues, such as haptic and auditory feedback, more valuable than 3-D representations alone.

Conclusions and Implications for Educational Research and Teaching
------------------------------------------------------------------

Thinking about molecular life science requires the ability to envision and manipulate multidimensional information and to synthesize this information into working mental models that incorporate invisible and abstract ideas ([@B40]; [@B64]; [@B26]). We suggest that students must be familiar with these modes of communication to be successful academically. Instruction in molecular life science depends on the teachers\' abilities to make its abstractions concrete and their abilities to help students build their "perceptualizing" skills. Visualizations can play a central role, but unreflective or idiosyncratic use of visual representations can cause confusion. It is important to consider the design of visualizations and their connection to learning goals, as well as the students\' prior knowledge, when creating and using visualizations in education. For example, an animation on the Nobel Prize website depicts facilitated transport of water molecules through an aquaporin (<http://nobelprize.org/chemistry/laureates/2003/animations.html>), effectively communicating the stochastic and dynamic properties of the process ([@B68]). However, the absence of a depicted cell membrane puts high demands on the viewer to have prior knowledge in biochemistry to imagine the cell membrane.

More attention should be paid to learning how to read visualizations. It is important to stress that visualizations are representations or models, illustrating aspects of the represented phenomena. It is also important to relate the visualizations to phenomena and situations in the visible world and to discuss what aspects the visualizations represent, what is omitted, what they tell us, and what they do not tell. The ability to interpret visualizations is a skill (known as visual literacy), and fostering this skill is important for molecular life science learning ([@B71]).

Most studies on students\' interpretations of images and other visualizations have been conducted in physics education research ([@B62]), but relatively little is known about conditions that promote the effectiveness of illustrations, animations, and multimedia presentations of phenomena in molecular life science. More research is needed to understand the ways in which commonly used visualizations are perceived and to identify visualization features that are critical for learning.

ADDITIONAL CHALLENGES AND THEIR IMPLICATIONS FOR TEACHING AND RESEARCH
======================================================================

Molecular life science is unique in its prompting of ethical questions. Although other disciplines such as nuclear physics and sustainable development present ethical concerns, molecular life science deals with life itself. Thus, the discipline raises fundamental, philosophical, and ethical questions related to people\'s world views. Studies of student and public attitudes toward genetics and biotechnology indicate that they range from concern about or fear of the harmful consequences of biotechnology to intense curiosity and interest in the field and the potential it offers for improving human health and well being ([@B11]; [@B33]; [@B13]; [@B9]). When treated seriously during instruction, these questions can provide valuable perspectives, increase interest and engagement, and develop students\' ability to engage in informed debate. Yet, scientists and teachers may feel unprepared to address ethical and philosophical issues in class, and may treat these inherently complex issues superficially or avoid them altogether. Molecular life science provides opportunities for collaboration between molecular life science and humanities professionals, such as experts in practical philosophy, ethics, and religious studies.

CONCLUDING REMARKS
==================

Our aim in highlighting the challenging aspects of teaching and learning molecular life science is to establish a foundation for future education research and practice in the discipline. We are convinced that research in this domain can contribute to sound knowledge and understanding of the educational challenges and provide tools that can assist teachers and the educational system to meet these challenges.

In summary, core content, conceptual understanding, and communication of knowledge in molecular life science have been the foci of this essay. The search for key concepts and principles in this domain is ongoing. However, how to communicate to students what such core content comprises remains a critical issue. In fact, students\' interpretation of what constitutes the core content of the domain is poorly investigated. Moreover, although research on conceptual difficulties in molecular life science is growing steadily, studies that focus on ways to overcome difficulties associated with depicting processes at different levels of organization are needed. We also suggest more research activity in the area of students\' conceptual understanding of emerging concepts and complex processes. Nevertheless, central to teaching and learning is communication of the content of molecular life science: the language of molecular life science is distinct from the learners\' everyday language. It is therefore crucial for our community to discover approaches that can help students acquire and utilize scientific language as their "everyday language." Another important communicative tool of molecular life science includes domain-specific visualizations. It follows that more knowledge is required about the best conditions for representational use as well as what representational features best aid understanding.

One fruitful way for facing the challenges illuminated in the essay would be to promote cross-domain collaborations. For example, cross-pollination among molecular life scientists, science education researchers, teachers, linguists, and psychologists ([@B23]; [@B29]; [@B6]; [@B66]; [@B67]) could pave the way toward improving educational practice in molecular life science.
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